To estimate the emplacement time of paleo-rockfall boulders we took surface samples of rock from the top of 19 of 25 accessible prehistoric basalt boulders with diameters exceeding 1.5 m. The precise location and topographic shielding for each sample was determined by identifying the individual boulders on high-resolution (0.5 m) Lidar-derived topography acquired in Feb 2011 (Canterbury Geotechnical Database, 2013) .
We restricted sampling to boulders with top surfaces >0.5 m higher than the surrounding surface to minimize the possibility of post-depositional burial. Samples were obtained from the interfluve between two ephemeral stream channels, rather than the channel beds, where complex burial or post-depositional boulder mobility was more likely. Post-emplacement boulder mobility or intermittent burial can result in underestimation of boulder emplacement age (e.g., Mackey and Lamb, 2013) . We only sampled boulders >250 m from the source cliff, as sampling boulders closer to the cliff had an unacceptable level of risk due to ongoing rockfall hazard. Given the overlapping spatial correlation of modern and paleo boulders (Fig  2A) we do not expect any overwhelming bias in the chosen sampling strategy.
We measured 3 He in clinopyroxene (augite), a mineral abundant in the Rapaki basalt and quantitatively able to retain 3 He (Gosse and Phillips, 2001; Margerison et al., 2005; Deeming et al., 2010) . Sample preparation for 3 He analysis followed the same procedures outlined in Mackey et al. (2014) . We chipped samples off the upper boulder surface, then crushed and sieved the basalt to 500-710 μm grain size. We isolated samples of pure augite using standard magnetic, density, and hand picking techniques. All samples were alternately sonicated in 5% HF:HNO 3 and HCl to remove any surface alteration. Cleaned phenocrysts were ground in a mortar and pestle to <37 um to destroy melt inclusions and release any mantle gas. Approximately 0.30.4 g of powdered augite was wrapped in Al foil. Samples were heated under vacuum at 1300 °C and analyzed on a MAP 215-50 mass spectrometer at the California Institute of Technology Noble Gas Laboratory, following Amidon and Farley (2011) .
We calculated the exposure age of the boulders and outcrops using the CRONUS 3 He online calculator (http://web1.ittc.ku.edu:8888/) (Balco et al., 2008; Goehring et al., 2010) using the 'SA' scaling scheme of Lifton and Sato (Sato and Niita, 2006) . Topographic shielding from surrounding topography was calculated from the LiDAR digital elevation model (Codilean, 2006; Li, 2013) . We took samples from the underside of some boulders by digging underneath and chipping a sample off base of the boulder, replicating the process used to take top-surface samples.
We use the term 'apparent' exposure age to assume all cosmogenic 3 He accumulated while the boulder was position on the hillslope, at a rate determined by the elevation and topographic shielding of the boulder in resting position. This assumption is not valid if there is inherited cosmogenic 3 He accrued when the boulder was on the cliff face, as described below.
In older rocks, as is the case with the ~11-12 million year old Lyttelton Volcano (Sewell, 1988; Timm et al., 2009 ), significant non-cosmogenic 3 He and 4 He can accumulate in the crystal structure via radioactive decay and neutron capture on 6 Li (Lal, 1987) . There are several approaches to account for this 'geologic' inheritance (Kurz, 1986; Cerling and Craig, 1994; Blard and Farley, 2008) . Here we adopt the use of a shielded sample; one that has been deeply buried and shielded from the effects of cosmic rays at the Earth's surface (e.g., Margerison et al., 2005; Mackey et al., 2014) .
Access to recently exposed rock on the cliff face was not possible due to ongoing rockfall risk, so we obtained a formerly shielded sample from the un-exposed side of a large boulder that fell down in the 2011 February earthquake (Fig. DR1 ). We could identify the detachment face by the distribution of lichen and weathering on the boulder surface. The boulder is sufficiently large (7 × 6 × 3 m), that the samples from the detachment face were buried deeply within the cliff, and shielded from cosmic rays prior to 2011. The shielded samples (Rap25b, Rap25c) have average 3 He concentrations of 0.8 ± 0.1 ×10 6 at/g (Table DR3 ). We subtracted this concentration (and propagated associated errors) from each sample to isolate the cosmogenic component of 3 He (Table DR3) . A sample from the lichen covered face on this boulder (Rap25a) had an apparent exposure age of ~21 ka (2.5×10 6 at/g 3 He), confirming we correctly identified the exposed and shielded faces of the boulder.
We took samples from in situ cliff and ridgetop bedrock outcrops to quantify the amount of pre-failure cosmogenic exposure, and to constrain the background erosion rates of basalt in this area. Bedrock exposure ages are presented in Table DR4 , and most cluster from 60-70 ka. The oldest bedrock cliff exposure (Rap28, 68±5 ka) equates to a long-term erosion rate of ~7 mm/kyr assuming steady-state erosion. This is calculated using the relationship E =ɅP/N, where Ʌ is the e-folding length of cosmic ray flux at the Earth's surface (~160 g/cm 2 , about 0.5 m in basalt), P the nuclide production rate (at/g/yr), and N the measured concentration of atoms at the rock surface (Lal, 1991) . We calculated the exposure age of boulders under two scenarios; first assuming no erosion, and second with the 7 mm/kyr erosion rate as an upper constraint (Table DR4) . While this has a major effect on the exposure ages of the older boulders, the determined influence of erosion on the exposure ages of the Holocene boulders is negligible (<5%).
A further complication is post-depositional boulder mobility, which can create complicated cosmogenic concentration profiles. In this instance, the presence of a thick colluvial wedge that has accumulated upslope of the boulders (Fig 2A) , with only a thin (<10 cm) soil-filled, downward tapering wedge against the boulder edge, together with the lack of prehistoric boulder remobilization in the Christchurch earthquakes indicates minimal post-depositional boulder remobilization.
Cosmogenic inheritance
A consideration when using cosmogenic nuclides to date boulder emplacement via rockfall is a prior history of cosmogenic exposure, referred to as inheritance. To illustrate this, a survey of large (>1 m diameter) boulders which fell at Rapaki during the 2011 earthquakes revealed that 45% (26 of 57 surveyed) landed with a previously exposed side facing upright, as indicated by the orientation of lichen cover and surface weathering (e.g., Fig 2D) .
The cliff face is sub-vertical, but pre-failure exposed faces of boulders could have been vertical to sub-horizontal, depending whether they fell from cliff faces or ledges (Fig.  DR2A ). The penetration of cosmic ray flux into a vertical surface has an e-folding length of approximately 0.2 m, less than half the equivalent length-scale for rocks on a horizontal surface (Dunne et al., 1999; Dunne and Elmore, 2003) , such that a rock surface set 0.5 m into a vertical cliff is ~95% shielded from cosmic flux ( Figure DR2B ).
The large (>1.5 m diameter) dimensions of the sampled rockfall boulders and the sub-vertical orientation of the source cliff dictates that some presently exposed boulder top surfaces will have been partially or fully self-shielded from cosmic rays while exposed on the cliff prior to detachment and deposition ( Figure DR2C ). Other rockfall boulder surfaces may have formerly been completely exposed to cosmic rays as horizontal (tops of rock surfaces) or vertical (exposed vertical cliff face) surfaces, or partially self-shielded within the rock mass. As a consequence, a population of boulders mobilized in an earthquake will be deposited with no (or minimal) inherited 3 He on the top surface and the cosmogenic surface exposure age will be equivalent to the boulder emplacement age. Another population of boulders will have varying components of pre-detachment, inherited cosmogenic 3 He in addition to that acquired following deposition. The pre-detachment orientation of individual paleo-rockfall boulders cannot be determined by field observations due to extensive lichen cover, extensive cliff collapse in the Christchurch earthquakes, and the possibility of post-detachment boulder disintegration while mobile.
We sampled the underside of the younger (6-8 ka) boulders, and all four undersides had 3 He concentrations significantly higher than the shielded sample. We interpret this to indicate the top surface of these boulders was originally a detachment face within the cliff, shielded from cosmic rays, prior to a triggering event that emplaced the boulders 'fresh' side up at ~ 7 ka. Conversely, boulder Rap04 has an apparent surface exposure age of 50 ka and has no cosmogenic 3 He on the underside (Rap04b), suggesting it was emplaced with a previouslyexposed side up (detachment surface facing down) at an unknown time.
Modeling paleo-rockfall scenarios
We sought to replicate the observed behavior of rockfalls and expected cosmogenic age for a range of earthquake scenarios. Based on our observations on the resting orientation of modern rockfall boulders, and realistic exposure histories for boulders on a cliff face, we modeled rockfall boulder age populations for the three simple earthquake scenarios described in the text.
As discussed in the text, cubic-shaped boulders have a 0.17 probability of landing exposed side down, and a 0.17 probability of landing exposed side up. Boulders that landed on their side with respect to the original exposed surface (0.66 probability) have a partially shielded top surface. Partial shielding was calculated by modifying the external (cliff face) age of the boulder with a function to simulate the e-folding decay of cosmogenic production into rock.
We assigned each boulder face a random depth from 0 to 2 m to replicate the range of rockfall boulder sizes (up to ~4 m). We then modified the surface age with an exponential depth function to replicate the decay of cosmic ray flux intensity into rock. In this way we replicate boulder surfaces that may have been partially shielded in the cliff. For example, a 10 ka boulder with a surface concentration (N 0 ), assigned a random depth (z) of 0.5 m would be modified by N(z) = N 0 e -zρ/Ʌ , (where ρ is density (2.6 g/cm 3 ) and Ʌ, is attenuation length, (~160 g/cm 2 )), to have an apparent exposure age of 4.6 ka when emplaced deposited. All rockfall scenarios had a final boulder population of 100. Each simulation was replicated 1000 times, and we averaged the relative probability distributions across all the simulations to generate the synthetic curves in Fig 3B. 
Regional fault sources, predicted Peak Ground Velocities, and rockfalltriggering potential
Recent compilations of mapped active faults in New Zealand (Stirling et al., 2012; Litchfield et al., 2013) included in latest version of the New Zealand Seismic Hazard Model (NZSHM) (Stirling et al., 2012) were used to provide seismic source information on earthquake shaking and possible rockfall triggering potential at the Rapaki study site. We compiled published estimates of maximum moment magnitude (M w max ) and earthquake recurrence intervals (RI) from NZSHM faults in the south-central New Zealand (Stirling et al., 2012; Litchfield et al., 2013) . M w max for offshore faults in Pegasus Bay (Barnes et al., 2011) were derived using measured lengths and a New Zealand-specific magnitude regression equation (Stirling et al., 2008) that was used in the NZSHM (Stirling et al., 2012) :
where L is fault length in kilometers and W is fault width in kilometers. We assumed vertical faults and used W = 12 km for Pegasus Bay M w max calculations. Tentative RI estimates for Pegasus Bay faults are >10-20 kyr (Barnes et al., 2011) (Figure 1 ). We measured the minimum distance of all active fault surface rupture traces to the study site (R Rup ). Known active faults are color-coded by RI increments in Figure DR3 .
Importantly, RIs are poorly defined for many faults, and the absence or discordance between paleo-earthquakes on specific sources and the Rapaki paleo-rockfall events can only be used in a few instances (e.g., Alpine Fault, Porter's Pass Fault) to exclude a fault as a culpable source for paleo-rockfalls. For instance, poorly resolved chronologies from the nearby Springbank and Ashley faults (M w 7-7.2, recurrence intervals of ca. 5-7 kyr) (Stirling et al., 2012) with no robust constraints on timing of the most recent earthquakes on these faults prohibits their exclusion as possible rockfall-triggering sources on temporal grounds alone.
We input M w max and R Rup into New Zealand-specific ground motion prediction equations (GMPEs) established by Bradley (2013) (based on global models of Chiou and Youngs (2008) ) to predict peak ground velocities (PGV) at the base of the study site for earthquakes of M w max from all known sources. The average shear wave velocity in the top 30 meters of crust (Vs30) was assumed to be 800 m/s. Variations in rupture directivity, which are known to influence strong ground motion characteristics (Somerville et al., 1997) and which were particularly prevalent in the Darfield earthquake (Bradley, 2012) are not explicitly considered in the developed GMPE and thus were not considered in this analysis. GMPE-based PGVs were also derived for the M w 7. (Christchurch III-b) earthquakes. The GMPE-based PGV's are lower than instrumental values because strong ground motions recorded by the latter are amplified due to site effects and topography. For instance, LPCC is not actually a 'true' rock site in that it sits on several meters of rock fill and this causes some amplification relative to that of the surrounding rock. D13C and D15C are at high elevations along broad ridges where seismic waves will be focused and amplified relative to waves at the base of the Port Hills in analogous material. The methodology for horizontal PGV calculations (PGV H max ) for CES events based on linear interpolation of instrumental data is discussed in the text.
Rockfall at the study site that resulted in boulders being deposited on the portion of slope studied herein occurred only during the Christchurch I and II-b earthquakes. Rare and isolated rockfall was reported by some local residents to M. Quigley to have occurred in proximal areas during the Darfield and Christchurch III-b earthquakes, but this did not result in any detachment of large boulders from the source cliff or any boulder deposition on the slope encompassed by this study. A rockfall initiation 'threshold' GMPE-derived PGV value of ~13±2 cm /s is used, with a minimum value equivalent to the GMPE predicted PGV for the Darfield earthquake (11 cm/s) because minor localized rockfall was observed nearby in this event, and maximum value (~15 cm/s) below GMPE predicted PGV for the Christchurch I and II-b events (17 cm/s). The PGV threshold value represents a minimum input value at the base of the hillslope only, rather than the absolute PGV at which rocks are able to be detached from the source cliff. GMPE-predicted PGV values from all identified seismic sources in the NZSHM are then compared to this threshold value. He production rates and exposure ages were calculated using the CRONUS 3 He calculator using the Lifton/Sato "SA" scaling scheme. Two age scenarios are given, 1 assuming no erosion, and the second assuming a background erosion rate of 7 mm/kyr. Basalt had a bulk density of 2.6 ± 0.1 g/cm 3 . Error represents ± 1σ. Production and exposure age is calculated for the resting position of the boulder, and assuming all [ 3 He] c accumulated after deposition. Bedrock exposure ages were calculated from the orientation of the sampled face. Rap 21A was taken from a slab that detached from a sub-vertical cliff in 2011 and slid down the hillslope (visible in Fig. 2D ). The pre-failure location of the rock slab could be determined. All samples include a self-shielding correction of 0.976. 
